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(54) Heat treated spray formed superalloy articles and method of making the same 



(57) Heat treated, spray formed articles are dis- 
closed which exhibit crack growth rates and resistance 
to stress rupture comparable to corresponding, forged 
articles. The articles are first formed by depositing mol- 
ten metal droplets, e.g., of a superalloy having a compo- 
sition in weight percent of about 18-21 w/o Cr, 3.5-5 w/o 
Mo, 12-15 Co, 2.75-3.25 w/o Ti, 1.2-1.6 w/o Al, 0.01- 
0.08 w/o Zr, 0.003-0.010 w/o B, balance generally 
nickel, on a substrate to form a rough article. The arti- 
cles are HIP'ed and then processed by heat treating, 
which includes solution, stabilization and precipitation 
heat treatments. The resultant articles have fine aver- 
age grain sizes compared to forged and conventionally 
heat treated material, as well as yield and tensile 
strengths comparable to forged material. Importantly, 
the articles also exhibit low crack growth rates and 
stress rupture resistance, e.g., comparable to forged 
material, and have an isotropic microstructure. The arti- 
cles can be used in place of forged articles. 
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Description 

[0001] The present invention relates generally to spray formed components, and more particularly to spray formed 
components having properties comparable to those of corresponding forged components. 

5 [0002] Forging has long been used to produce components for demanding applications, e.g., for components which 
require a combination of high strength and other desired properties such as low crack growth rates and high stress rup- 
ture resistance. In the aerospace industry, forging is used to produce rotating and static parts, each of which typically 
requires a combination of high strength, low crack growth rates and high stress rupture resistance. Such parts can have 
complex shapes such as blades and vanes, and also include annular-shaped components such as engine cases, 

10 flanges and seals 

[0003] With particular reference to forging annular-shaped components, a billet of material is obtained having a 
composition corresponding to the desired composition of the finished component. The billet typically must be specially 
prepared from ingots of the material. The billet is first pierced, and is then thermomechanically processed, such as by 
ring-rolling multiple times to transform the billet material into the general component shape. The component may also 

75 be heat treated to obtain the combination of desired properties, e.g., a particular level of fatigue crack growth resist- 
ance, and then finished, e.g., polished or machined to provide the component with the precise dimensions or features. 
[0004] The production of components by forging is an expensive, time consuming process, and thus is typically 
warranted only for components that require a particularly high level of various properties, e.g., high strength with low 
crack growth rates and high stress rupture resistance. With respect to obtaining the billets for forging, certain materials 

20 require lead times measured in months. During component fabrication, much of the original billet material is removed 
and does not form part of the finished component, e.g., it is waste. The complexity of the shape of the component pro- 
duced merely adds to the effort and expense required to fabricate the component. In addition, finished components may 
still require extensive machining or other finishing. Moreover, in order to operate gas turbine engines at higher temper- 
atures to increase efficiency or power or both, components fabricated from increasingly more advanced alloys are 

25 required. Many of these more advanced alloys are increasingly difficult or impossible to forge, which adds further to the 
cost of the components or renders the components so expensive that it is not economically feasible to exploit certain 
advances in engine technology, or to utilize particular alloys for some components. 

[0005] Spray forming has not previously been used to produce components directly from bulk material, e.g., mate- 
rial in ingot form, which exhibit not only high strength, but also low crack growth rates and high stress rupture resistance. 

30 In the case of a nickel base superalloy material having a nominal composition in weight percent of about 19.5 w/o chro- 
mium (Cr), 4.3 w/o molybdenum (Mo), 1 3.5 cobalt (Co), 3.0 w/o titanium (Ti), 1 .4 w/o aluminium (A!), 0.05 w/o zirconium 
(Zr), 0.006 w/o boron (B), balance substantially nickel and nominal amounts of other elements (sometimes referred to 
as "Waspaloy"), high strength, low crack growth rates and high stress rupture resistance corresponds to meeting the 
requirements set forth in Aerospace Material Specification AMS 5707 (Rev. H, publ. Aug. 1994), published by SAE Infl 

35 of Warrendale, PA, and incorporated by reference herein. It is this combination of properties which is produced in 
accordance with the present invention. 

[0006] A typical spray forming apparatus is illustrated in FIG. 1 . Metal is provided in ingot form and melted in a cru- 
cible 12, preferably in a vacuum melt chamber 14 at low pressure and/or in a non-reactive environment. The molten 
metal 16 is transferred to a tundish 18, and then passes through an atomizer 20, which utilizes an inert carrier gas such 

40 as argon to entrain atomized metal droplets. The atomized material 22 impinges upon and is deposited onto a cooler 
mandrel or substrate 24 that is located in a spray chamber 26. In order to form an annular component, the mandrel is 
cylindrical and may be rotated, and the stream of atomized metal and the mandrel may be scanned relative to one 
another The metal impinges upon the substrate and previously deposited metal, and solidifies rapidly. Layers of the 
solidified metal then build upon one another to form the desired article. See, e.g., U.S. Pat. 4,830,084. The article may 

45 then be further treated, e.g., by hot isostatic pressing (HIP'ing) and/or thermomechanically processing such as by ring 
rolling to densify and strengthen the material. Superalloys have been melted and spray formed in this manner to form 
parts, although such parts as formed lack properties such as high strength, low crack growth rates or stress rupture 
resistance and thus cannot be employed as formed in demanding applications such as gas turbine engines or other 
high temperature and pressure environments. 

so [0007] The above described Waspaloy material has been widely employed in producing forged parts for use in 
demanding applications. As noted above, exemplary parts for gas turbine engines include gas turbine engine cases, 
flanges and seals, as well as blades and vanes. Once formed, these parts typically must still be machined and heat 
treated to obtain desired properties. AMS 5707 includes a conventional heat treatment for parts forged from this mate- 
rial and is incorporated by reference herein. 

55 [0008] Under AMS 5707, a forged component is heat treated in three steps. The first step includes a solution heat 
treatment at a temperature of between 1 825-1900°F (996-1037°C), for about 4 hours, and then cooling at a rate equiv- 
alent to air cooling or faster. The second step includes a stabilization heat treatment at a temperature of about 1 550°F 
(843°C) for about 4 hours, and then air cooling. The third step includes a precipitation heat treatment at a temperature 
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of about 1400° F (760°C) for about 16 hours. The resulting parts have yield strengths of at least about 110 ksi (0.76 
GPa) at room temperature, and exhibit relatively low notch sensitivity and high stress rupture resistance. Accordingly 
parts produced by forging Waspaloy and heat treated in accordance with AMS 5707 are suitable for use as gas turbine 
engine cases, flanges or seals, blades and vanes, as well as other demanding applications. However, forged compo- 

5 nents also often exhibit significant levels of coarse carbides and other inclusions, the levels of which vary significantly 
from component to component. Forged components tend to be difficult to machine and inspect. Moreover, precise 
reproducibility is also a concern - forging does not always result in components having dimensions that are identical 
from part to part. After inspection, many parts must still be re-worked. As a general rule, it is believed that forged parts 
must be scrapped or re-worked about 20 % of the time. 

10 [0009] In an effort to produce components more repeatably and at less expense, we have spray formed test sam- 
ples using Waspaloy. As spray formed and HIP'd, these parts do have significant strength, but exhibit high crack growth 
rates and inferior stress rupture resistance, and it has been believed that such parts need to be thermomechanicaily 
processed, e.g., forged or ring-rolled, to obtain these properties. The expense of such an added step has not been 
attractive. 

is [0010] As noted above, a standard, conventional heat treatment for components composed of forged Waspaloy is 
set out in AMS 5707. However, it has been found that parts composed of sprayformed Waspaloy HIP'ed and heat 
treated in accordance with AMS 5707 or other conventional heat treatments exhibit yield and tensile strengths similar 
to forged, but exhibit relatively inferior crack growth rates, stress rupture resistance and other properties that the com- 
ponents cannot be used in demanding applications when these considerations must be addressed. 

20 [0011] According to one aspect of the invention, a metal article is disclosed which is composed of a nickel-base 
superalloy formed by metal droplets built up on one another, for example by sprayforming. The article is then heat 
treated to provide the article with crack growth rates and stress rupture resistance comparable to the values for forged 
components heat treated in accordance with AMS 5707. The article is also typically characterized by material having 
an isotropic microstructure, but may include f lowlines to the extent that the sprayformed articles are used as preforms, 

25 i.e., the articles are sprayformed and thermomechanicaily processed. 

[0012] The present invention incorporates a spray formed article that is processed to provide high strength, and 
resistance to stress rupture and crack growth. 

[0013] According to another aspect of the invention, a method is disclosed for generating a spray formed article 
composed of nickel-base superalloy that has enhanced stress rupture and crack growth resistance characteristics. The 
30 method comprises the steps of: spray forming an article, the article as formed characterized by a porosity of up to about 
3 percent by volume; and heat treating the article sufficiently to reduce porosity and provide an article having crack 
growth rates and stress rupture resistance comparable to the values for forged components heat treated in accordance 
with AMS 5707. 

[0014] A preferred embodiment will now be described by way of example only and with reference to the accompa- 
35 nying drawings, in which: 

FIG. 1 is a schematic view, partially broken away, illustrating an apparatus for spray forming an article; 
FIG. 2 is a flow diagram for heat treating articles in accordance with a preferred embodiment of the present inven- 
tion; 

40 FIG. 3 is a photomicrograph of a spray formed article heat treated in accordance with a preferred embodiment of 
the present invention; 

FIG. 4 is a photomicrograph of microstructure showing forged material after a conventional heat treatment; 
FIGS. 5 and 6 are photomicrographs of microstructure of sprayformed articles which have been thermomechani- 
caily processed after sprayforming and heat treatment; 
45 FIG. 7 is a graph illustrating 0.5% creep versus applied stress and temperature for articles in accordance with a pre- 
ferred embodiment of the present invention; and 

FIG. 8 is a graph of stress rupture at various temperatures for articles made in accordance with a preferred embod- 
iment of the present invention. 

so [0015] Turning to FIG. 1 , a sprayformed HIP'd and heat treated article in accordance with the present invention is 
first spray formed, in a manner known in the art. See, e.g., U. S. Pat. No. 4,515,864 to Singer entitled "Solid Metal Arti- 
cles From Built Up Splat Particles", and 3,900,921 to Brooks entitled "Method and Apparatus for Making Shaped Metal 
Articles From Sprayed Metal or Metal Alloy". With respect to the preferred material for which the present invention is 
employed, the material has a broad composition (in weight percent) of about 18-21 Cr, 3.5-5 Mo, 12-15 Co, 2.75-3.25 

55 Ti, 1.2-1.6 Al, 0.01-0.08 Zr, 0.003-0.010 B. balance generally Ni; more preferably about 19.5 Cr, 4.3 Mo, 13.5 Co, 3.0 
Ti, 1.4 Al, 0.05 Zr, 0.006 B, balance essentially nickel and nominal amounts of other elements (the material is some- 
times referred to as "Waspaloy" and is used so herein). The material may also include about 0.04-0.075 C, up to about 
0.15 Mn, up to about 0.1 75 Si, up to about 0.01 S, up to about 0.02 P, up to about 2.25 iron, up to about 0.15 Cu, up to 
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about 0.00075 Pb, up to about 0.000035 Bi, up to about 0.0005 Ag, up to about 0.01 O, up to about 0.01 N. Briefly, the 
articles are spray formed and HIP'ed and heat treated in accordance with the present invention, as described further 
below. Resulting articles are comparable to forgings, with respect to yield and tensile strengths at room temperature 
and elevated temperatures (e.g., up to at least about 1300°F (704°C)), and also low crack growth rates and high stress 
5 rupture resistance - all at significantly less expense, waste, effort and substantially reduced lead times compared to 
forging. 

[001 6] As discussed above, metal to be used in spray forming is provided, e.g., in ingot form, by melting an elemen- 
tal mix, by re-melting scrap material or by other manner. The material is melted in a crucible 1 2, which preferably is posi- 
tioned in a vacuum melt chamber 14 maintained at low pressure and/or in a non-reactive environment. The molten 

10 metal 1 6 is transferred to a tundish 1 8, and then passes through an atomizer 20, which utilizes an inert carrier gas such 
as argon to entrain the atomized metal. The atomized material 22 is directed towards a cooled mandrel or substrate 24 
located in a spray chamber 26, which is preferably maintained at low pressure and/or in a non-reactive environment. In 
order to form an annular component, the mandrel is cylindrical and may be rotated, and the stream of atomized metal 
and the mandrel may be scanned relative to one another The metal impinges upon the substrate first and then upon 

15 previously deposited metal, and solidifies rapidly, thus providing a finer grain size than forgings. Layers of the solidified 
metal build up to form the desired article. While an article fabricated from Waspaloy is described, those skilled in the art 
will recognize that articles made from other materials may also be sprayformed and thermomechanically processed, 
HIP'ed and heat treated in accordance with preferred embodiments of the present invention. In addition, those skilled 
in the art will also recognize that there are other methods of depositing molten or semi-molten droplets of material on a 

20 substrate with equal effect, such as plasma spraying in a low pressure or vacuum environment which could be 
employed to form the article. 

[001 7] While the particular spray forming parameters are not believed to be critical to the present invention, we pre- 
fer that the droplets are smaller rather than larger, and more preferably on the order of about 10-10,000 microns in 
diameter. We also prefer that the droplets be applied at a temperature that is lower rather than higher. The droplets pref- 

25 erably should be no hotter than necessary to remain in a semi-molten state until impingement upon the substrate and 
previously deposited material, but hot enough so as not to substantially solidify prior to impingement. The velocity of the 
droplets must be fast enough to deliver the droplets in a molten state but slow enough so that the droplets are able to 
adhere to the substrate and previously deposited droplets. The distance between the spray nozzle and the substrate 
may also be adjusted, as may the rate at which the material is deposited. 

30 [0018] Spray formed articles, as formed, are characterized by the presence of porosity, typically about 1-3 percent 
by volume (v/o). In contrast, forged articles exhibit no porosity. Porosity tends to reduce the strength of an article. The 
spray formed articles are treated to density the material. With reference to FIG. 2, the articles which have been rough 
formed by spray forming are preferably first densrfied by HIP'ing. While the particular HIP'ing parameters vary depend- 
ing upon to the material being HIP'ed and the degree to which porosity is to be reduced, for spray formed Waspaloy the 

35 part is preferably HIP'ed at between about 1 ,800-2,000°F (982-1 093°C) and 1 5,000-25,000 psi (1 03 GPa-1 72 GPa) for 
about four hours, more preferably in an inert atmosphere such as argon. The pressure and temperature are monitored, 
e.g., at least once every five minutes, to ensure consistent HIP'ing. While FIG. 2 illustrates any subsequent processing 
or machining as occurring after the heat treatment, the articles may be machined to final dimensions at any time after 
HIP'ing. 

40 [001 9] The articles as spray formed exhibit stress rupture resistance and crack growth rates which are significantly 
inferior to corresponding forged articles. HIP'ing the articles does not significantly improve those properties. Heat treat- 
ing these articles using industry standards for forged articles, such as AMS 5707 for Waspaloy, does not restore these 
properties to forged levels. Accordingly, the articles as spray formed and HIP'd only cannot be used in demanding appli- 
cations such as gas turbine engines. 

45 [0020] In accordance with the present invention, the spray formed and HIP'd articles are heat treated in order to 
provide a balance of strength, low crack growth rates and high stress rupture resistance, and thereby render articles 
suitable for use in at least these demanding applications. As discussed further below, the preferred heat treatment 
includes a solution heat treatment 32, a stabilization heat treatment 34 and a precipitation heat treatment 36. The spe- 
cific temperatures, times and cooling rates described below will vary according to the particular material being proc- 

50 essed. The preferred heat treatment provides a spray formed article having a microstructure that is significantly finer 
and more uniform than that of conventionally forged material. Compare the microstructure of FIGS. 3 and 4. The articles 
are also finished 38 (FIG. 2) as needed, e.g., machined. The finishing is preferably but not necessarily performed after 
HIP'ing. 

[0021] The solution heat treatment 32 comprises the first portion of the heat treatment, and will vary depending 
55 upon the particular material being treated. FIG. 3 is a photomicrograph illustrating the microstructure of an article after 
the article is heat treated in accordance with the present invention. For the Waspaloy material of the composition gen- 
erally described in AMS 5707, the part is heated to a solution heat treatment temperature preferably between about 
1925-2025°F (1052-1 107°C), and preferably at about 1975°F (1080°C) for about 2 hours, and quenched in oil or water. 
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The combination of solution heat treatment temperature and time is selected to be lower than the temperature and time 
at which the grain size of the material would grow significantly, as larger grain sizes do not provide the desired proper- 
ties. We have found that sprayformed material appears to be less susceptible to grain growth at elevated heat treatment 
temperatures than corresponding forged material, and accordingly the solution heat treatment may be performed at 

s higher temperatures than a corresponding solution heat treatment provided in AMS 5707 for forged articles. 

[0022] After the solution heat treatment, the part is subjected to a stabilization heat treatment 34, the specifics of 
which will vary depending upon the particular material being treated. For articles fabricated from Waspaloy, the article 
is heated to a temperature of between about 1 500-1 600°F (81 6-871 °C), and preferably about 1 550°F (843°C) and held 
at the stabilization heat treatment temperature for about 4 hours, and then cooled at a rate equivalent to air cooling or 

10 faster. 

[0023] After the stabilization heat treatment and cooling, the part is subjected to a precipitation heat treatment 36, 
which will vary depending upon the particular material being treated. For Waspaloy, the part is heated to a temperature 
of between 1 350-1 450°F (732-788°C), and preferably at about 1400°F (760°C) for at least about 16 hours, followed by 
cooling at a rate equivalent to air cooling or faster. 

is [0024] As noted above, the illustrated application of the preferred heat treatments enables the production of spray 
formed articles that have not only good strength, but also have other properties that are comparable to or better than 
forged components, e.g., low crack growth rates and high stress rupture resistance. Samples of the spray formed Wasp- 
aloy HIP'd and heat treated in accordance with a preferred embodiment of the present invention were tested to deter- 
mine yield and ultimate tensile strengths, as well as ductility. With respect to tensile properties, samples were tested 

20 both at room temperature (about 68°F (20°C)) and elevated temperature (about 1200°F (649°C)) held for a period of 
time prior to testing. The samples were subjected to strain rate of between 0.005 in./in./minute (8.3 x 10" 5 m/m/s) 
through the yield strength (about 1 10 ksi (0.75 GPa) at room temperature and 93.5 ksi (0.64 GPa) at 1200°F (649°C)). 
The following properties were obtained: 

25 



Property 


Room Temp. (20°C) 


1200°F (649°C) 


Tensile Strength, min. 
Yield Strength, 0.2% offset, min. 
Elongation in 4D, min. 
Reduction in area, min. 


160ksi(1.09 GPa) 
110ksi(0.75 GPa) 
15% 
18% 


140 ksi (0.95 GPa) 
93.5 ksi(0.64 GPa) 
15% 
18% 



35 

[0025] The minimum values for these properties may be higher or lower, depending upon the particular application 
of the part. The above values correspond, for example, to the above mentioned parts such as gas turbine engine cases, 
flanges and seals. The above properties are designed for specific parts such as engine cases and rings. 
[0026] The above noted properties are comparable to those for forged material, heat treated in accordance with 
40 AMS 5707, which calls for the following properties: 



Property 


Room Temp. (20°C) 


Tensile Strength, min. 
Yield Strength, 0.2% offset, min. 
Elongation in 4D, min. 
Reduction in area, min. 


160 ksi (1.09 GPa) 
110 ksi (0.75 GPa) 
15% 
18% 



[0027] As noted in AMS 5707, the properties for forged material should be comparable whether the samples are 
tested longitudinally or transversely. 
55 [0028] In addition, standard combination smooth and notched stress rupture test specimens (comprising material 
produced in accordance with preferred embodiments of the present invention), e.g., conforming to ASTM E292, were 
tested. The specimens were maintained at 1350°F (732°C) and loaded continuously, after generating an initial axial 
stress of between about 75 ksi (0.51 GPa). The specimens ruptured only after at least 23 hours. The above values for 
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Waspalpy processed in accordance with preferred embodiments of the present invention are comparable to forged 
material heat treated in accordance with AMS 5707. 

[0029] An example of the subsequent processing mentioned above is ring rolling. Briefly, ring rolling is typically 
employed for annular articles such as engine cases and seals, and includes heating the article and repeatedly passing 
5 the article between a series of rollers to form and enlarge the article to the desired size. FIGS. 5 and 6 (each at about 
100x magnification; the grains in FIG. 6 being roughly ASTM 8) illustrate the resulting microstructure of sprayformed 
articles in accordance with the present invention which are ring rolled to produce moderate reduction and high reduc- 
tion, respectively. 

[0030] We have determined that sprayformed (and ring roiled) Waspaloy articles produced in accordance with pre- 
10 ferred embodiments of the present invention are generally characterized by a microstructure similar to that of forged 
Waspalpy articles, but exhibit less edge cracking and result in significantly less grinding losses during finishing than 
forged Waspaloy. Moreover, sprayformed, ring rolled Waspaloy exhibits superior strength at room and elevated temper- 
atures. At room temperature, spray formed and ring rolled Waspaloy articles produced in accordance with preferred 
embodiments of the present invention have a 0.2% yield strength of at least about 140 ksi (0.95 GPa) and more prefer- 
is ably above about 155 ksi (1.06 GPa), and an ultimate tensile strength of at least about 180 ksi (1.26 GPa) and more 
preferably at least about 200 ksi (1.36 GPa). At elevated temperatures (about 1200°F (649°C)) such articles have a 
0.2% yield strength of at least about 90 ksi (0.61 GPa) and more preferably above about 93 ksi (0.63 GPa), and an ulti- 
mate tensile strength of at least about 135 ksi (0.92 GPa) and more preferably at least about 1 40 ksi (0.95 GPa). 
[0031] Turning now to FIGS. 7 and 8, forged Waspaloy material prepared in accordance with AMS 5707 has been 
20 tested to 0.5% creep for various temperatures and stresses (the dashed lines in FIG. 7), and for stress rupture at vari- 
ous temperatures and stresses (the dashed lines in FIG. 8). We have tested corresponding samples of Waspaloy 
treated in accordance with preferred embodiments of the present invention, and have determined that such samples 
meet and typically significantly exceed forged Waspaloy tested under the same conditions, e.g., temperature and 
stress. 

25 [0032] In addition, samples of sprayformed Waspaloy, HIP'd and heat treated in accordance with preferred embod- 
iments of the present invention are characterized by relatively small grains. As measured by specification ASTM E1 12, 
grain sizes are about ASTM 3 (three) and more preferably about ASTM 5 or finer, which is comparable to the grains in 
corresponding forged material heat treated in accordance with AMS 5707. The microstructure of the finished material 
is substantially more homogeneous and isotropic in properties than forged material. The microstructure is also charac- 

30 terized by the absence of elemental segregation (in contrast to forgings), unless the material is subsequently plastically 
deformed, and accordingly sections of the material are typically characterized by an absence of flow lines, i.e., which 
indicate the direction of plastic flow. Moreover, the finished material exhibits low crack growth rates and good stress rup- 
ture resistance in addition to an absence of porosity. 

[0033] The present heat treatment is not generally interchangeable with standard heat treatments, such as AMS 
35 5707. As discussed above, standard heat treatments for Waspaloy, such as AMS 5707 do not produce satisfactory 
results when applied to sprayformed articles. For example, the solution heat treatment in AMS 5707 is significantly 
cooler than that of the present invention, and the cooling occurs by air rather than quenching. Spray formed articles heat 
treated in accordance with AMS 5707 exhibit reduced creep resistance compared to corresponding forged articles 
treated in accordance with AMS 5707. 
40 [0034] In summary, the present invention provides other significant advantages over forgings. Generally, the 
present invention enables spray forming to be used in the direct production of components that have properties compa- 
rable to forging. Parts produced in accordance with the present invention are more consistent, with more homogeneous 
microstructures. Individual parts exhibit isotropic mi c restructures, unless the articles are subsequently thermomechan- 
ically processed such as by ring rolling. The parts are also characterized by a microstructure lacking segregation, espe- 
45 cially relative to forgings. These properties also provide components fabricated in accordance with preferred 
embodiments of the present invention that are more easily machined and inspected. 

[0035] Moreover, the present invention obviates the need to obtain specially-prepared billets of material, and long 
lead times associated with obtaining billets are therefore minimized or eliminated. The present invention enables bulk 
material to be converted directly to ready-to-machine or use components. Thus, a substantial portion of the effort, 

so expense and waste associated with forging is substantially reduced or eliminated. 

[0036] Spray formed articles processed in accordance with preferred embodiments of the present invention exhibit 
not only strengths similar to the conventional, forged articles, but also resist crack growth and stress rupture resistance 
at least as well as forged articles. Moreover, articles prepared in accordance with preferred embodiments of the present 
invention are manufactured at significantly reduced time and expense. From the standpoint of microstructure, 

55 sprayformed articles exhibit more uniform, generally finer grains than forgings, and importantly also exhibit significantly 
less variability in properties as produced, i.e., the properties of the parts lie within a narrower range than do correspond- 
ing forged articles. 

[0037] Thus, at least in the illustrated embodiments, it can be seen that the present invention may provide spray 
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formed articles having properties comparable to properties of corresponding forged articles; which have a balance of 
strength, crack growth rates and stress rupture resistance comparable to corresponding forged articles; in which crack 
growth rates of the articles are low and stress rupture resistance of the articles are high; and furthermore provides such 
a heat treatment to provide articles composed of spray formed Waspaloy with properties comparable to those of corre- 
5 sponding articles forged from Waspaloy. 

[0038] While the present invention has been described above in some detail, numerous variations and substitutions 
may be made without departing from the scope of the invention as defined in the following claims. Accordingly, it is to 
be understood that the invention has been described by way of illustration and not by limitation. 

w Claims 

1. A metal article composed of a nickel-base superalloy formed by metal droplets built up on one another and heat 
treated to have strength, creep resistance and stress rupture resistance comparable to the values for forged com- 
ponents heat treated in accordance with AMS 5707. 

15 

2. The article of claim 1 , wherein the article is composed of material having an isotropic microstructure. 

3. The article of claim 1 or 2, wherein the article has a 0.2% yield strength at room temperature of at least about 100 
ksi (0.68 GPa) and at about 1200°F (649°C) of at least about 85 ksi (0.58 GPa). 

20 

4. The article of claim 1 , 2 or 3, wherein the article has an ultimate tensile strength at room temperature of at least 
about 150 ksi (1.02 GPa) and at about 1200°F (649°C) of at least about 130 ksi (0.89 GPa). 

5. The article of any preceding claim, wherein the material has a composition in weight percent of about 1 8-21 Cr, 3.5- 
25 5 Mo, 12-15 Co, 2.75-3.25 Ti. 1.2-1.6 Al, 0.04-0.075 C, 0.01-0.08 Zr, 0.003-0.010 B. balance generally NL 

6. The article of claim 5, wherein the balance is further composed of about up to about 0.15 Mn, up to about 0.175 Si, 
up to about 0.01 S, up to about 0.02 P, up to about 2.25 iron, up to about 0.15 Cu, up to about 0.00075 Pb, up to 
about 0.000035 Bi and up to about 0.0005 Ag. 

30 

7. The article of claim 6, wherein the balance is further composed of up to about 0.01 O, up to about 0.01 N. 

8. The article of any preceding claim, wherein the article has a microstructure characterized substantially by grains of 
a size ASTM 3 or finer, as measured in accordance with ASTM E129. 

35 

9. A method of generating a spray formed article composed of nickel-base superalloy and having enhanced strength, 
creep resistance and stress rupture resistance characteristics, comprising the steps of: 

spray forming an article, the article as spray formed characterized by a porosity of between about 1-3 percent 
40 by volume; and 

heat treating the article sufficiently to reduce porosity and provide an article having strength, creep resistance 
and stress rupture resistance comparable to the values for forged components heat treated in accordance with 
AMS 5707. 

45 1 0. The method of claim 9, wherein the step of heat treating also provides an article having an isotropic microstructure. 

11. The method of claim 9 or 10, wherein the step of heat treating also provides an article having a yield strength at 
room temperature of at least about 100 ksi (0.68 GPa) and at about 1200°F (649°C) of at least about 85 ksi (0.58 
GPa). 

50 

12. The method of claim 9, 10 or 1 1 , wherein the article has a tensile strength at room temperature of at least about 
150 ksi (1 .02 GPa) and at about 1200°F (649°C) of at least about 130 ksi (0.89 GPa). 

13. The method of any of claims 9 to 12, wherein the material has a composition in weight percent of about 18-21 Cr, 
55 3.5-5 Mo. 12-15 Co. 2.75-3.25 Ti. 1.2-1.6 Al. 0.04-0.075 C. 0.01-0.08 Zr, 0.003-0.010 B, balance generally Ni. 

14. The method of claim 13, wherein the balance is further composed of about up to about 0.15 Mn, up to about 0.175 
Si, up to about 0.01 S, up to about 0.02 P, up to about 2.25 iron, up to about 0.15 Cu, up to about 0.00075 Pb, up 
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to about 0.000035 Bi and up to about 0.0005 Ag. 



1 5. The method of claim 1 3 or 1 4, wherein the balance is further composed of up to about 0.01 O, up to about 0.01 N. 



5 16. The method of any of claims 9 to 15, wherein the step of heat treating also provides an article having a microstruc- 
ture substantially characterized by grains of a size less than ASTM 5, as measured in accordance with ASTM E1 29. 

17. The method of any of claims 9 to 16, wherein the step of heat treating includes the steps of: 

10 solution heat treating the article; 

stabilization heat treating the article; and 
precipitation heat treating the article. 



15 



18. The method of any of claims 9 to 17, further comprising the step of: 

subsequently thermomechanically processing the article to produce a desired shape. 



19. The article of any of claims 1 to 8 or the method of any of claims 9 to 18, wherein the article has an annular shape. 



20 20. The article of any of claims 1 to 8 or the method of any of claims 9 to 19, wherein the article is a gas turbine engine 
component. 



21. The article of any of claims 1 to 8. 19 or 20, or the method of any of claims 9 to 20. wherein the article is selected 
from the group consisting of an engine case, an engine flange, and an engine seal. 

25 

22. A method of making a nickel-based superalloy article having: 



a 0.2% yield strength at room temperature of at least 100 ksi (0.68 GPa); 
a 0.2% yield strength at 1200°F (649°C) of at least 85 ksi (0.58 GPa); 
30 a tensile strength at room temperature of at least 150 ksi (1 .02 GPa); and 

a tensile strength at 1200°F (649°C) of at least 130 ksi (0.89 GPa), 

characterised in that the article is formed by building up droplets of metal on one another, densifying the article 
and heat treating the article, wherein the heat treatment comprises a solution heat treat, stabilization heat treat 
and a precipitation heat treat. 



40 



45 



50 



55 
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